Nitrogen deposition has started to decline in Western Europe due to targeted policies on emissions, 54 with emissions 25% lower than their peak in 1990 (Oenema et al., 2011) . Applying an ecosystem 55 services approach to evaluate the non-health impacts of this pollution decline has shown both 56 negative and positive impacts (Jones et al., 2014) . For example, there are some costs to society as a 57 result of the decline in 'free' fertiliser from atmospheric deposition. These costs come in the form of 58 lower productivity of agricultural grasslands, and reductions in tree growth and in carbon 59 sequestration. However, there are also major benefits to society through reductions in emissions of 60 the greenhouse gas N2O, improvements in water quality, and there may be large benefits to 61 biodiversity, although this is difficult to value. 62 63
For a pollutant like nitrogen, this leads to potential tensions in deriving a Total Economic Value of 64 those impacts, because provisioning services generally increase with nitrogen, and are much easier 65 to value than cultural services where nitrogen generally has an adverse impact. In many cases 66 provisioning services can be linked to market values, providing the basis for a relatively 67 straightforward economic assessment (e.g. agricultural crop productivity, livestock productivity, or 68 timber productivity). By contrast cultural benefits, including non-use values for biodiversity 69 conservation, are the domain of non-market valuation methods (Hanley and Barbier, 2009). Deriving 70 a TEV which fails to account for impacts on biodiversity may lead to incomplete assessment of the 71 net benefit arising from lower levels of nitrogen deposition. There is therefore a need to improve the 72 robustness of valuation approaches focusing on biodiversity and the drivers which impact on it. transfer requirements (Ninan, 2014) . 85 86
A number of other issues present problems for valuing biodiversity impacts. These centre on spatial 87 context and the relationships between nitrogen and biodiversity. Robust assessment of impacts 88 requires information on the spatial location of both pressures (nitrogen) and receptors (biodiversity). 89
Previous approaches have only been applied at national level (Smart et al., 2011 , and for the habitats of interest in this study. WTP values were available for 203 other services, including charismatic species, but these were excluded. We acknowledge that the 204 parameters for non-charismatic species were not significant in the Christie study, but this remains 205 the only study to our knowledge which quantifies and values the magnitude of change in biodiversity 206 of non-charismatic species, allowing direct application to this study. Therefore, we decided to 207 continue to use these values to demonstrate proof of concept for the overall methodology. Christie 208 and Rayment (2012) specified a change in species richness for two scenarios: increase SSSI funding 209 (25% increase in species richness), or remove SSSI funding (50% decrease in species richness), 210 compared with the status quo of maintain SSSI funding (no change in species richness). We re-211 interpret the 'Increase funding' scenario as analogous to a situation where species richness increases 212 relative to the status quo (2007 reference situation) due to a decline in N deposition, and we use the 213 WTP estimates associated with that scenario as the basis for our value transfer, taking into account 214 the predicted % change in species richness under our scenarios. 215
Christie and Rayment (2012) provide both unit WTP values per hectare for each habitat, based on 216 habitat area within SSSI sites in England and Wales, and aggregate values for England and Wales. In 217 this study we used the unit values per hectare, in order to scale up to the whole of the UK. The WTP 218 per habitat is shown in Table 1 . 219 220
Calculating economic impacts of N deposition on 'Appreciation of biodiversity' service 221
Our first economic measure relates to the impact that change in N deposition has on the value of the 222 ecosystem service 'appreciation of biodiversity'. All ecosystem service calculations were made at the 223 resolution of the N deposition data, i.e. on a 5 x 5 km grid. Nitrogen deposition data for each grid cell 224
were scaled linearly between 2007 and 2020, the start and end time-points of the scenario 225 comparison. In each 5 x 5 km grid cell and for each year of the scenario analysis, we calculated the 226 predicted species richness under the N deposition for that year using the dose response 227 relationships developed earlier. ) was in deposition of reduced 276 forms of N, then 25% of the value was apportioned to reduced forms of N, and the remaining 75% to 277 declines in oxidised N. The calculated EAV was divided by the average change in oxidised N 278 emissions and in ammonia emissions over the scenario period (Table S1 ). 279 280
Uncertainty 281
There is uncertainty in all steps of the impact pathway, from estimates of nitrogen emission and 282 deposition to the model parameters for the dose response functions. We used Monte Carlo 283 simulation to propagate the uncertainty in the parameters and variables through the model, thereby 284 calculating the uncertainty in the estimated value of impacts on biodiversity. Probability density 285 functions were derived to describe the uncertainties in each model parameter and variable. Details 286 are given in Tables S2 and S3 in Supplementary Material. We assumed that the uncertainties in the 287 model parameters were at the UK scale and so for any one iteration of the Monte Carlo simulation 288 the same values of the model parameters were applied in each grid cell. For other inputs the 289 uncertainties were applied at the scale of a grid cell and assumed to be independent. We used 290 @Risk software (Palisade Corporation, USA, 2010) to run the Monte Carlo simulation. We used Latin 291 hypercube sampling and ran the simulation for 50,000 iterations. Uncertainty in the economic value 292 of impacts is expressed as 95% Confidence Intervals. We followed the IPCC convention and assumed 293 this interval to be defined by the 2.5th and 97.5th percentiles (Eggleston et al., 2006), while noting 294 that this is not precisely the same as the usual meaning of a confidence interval in statistics. 295 296
Results 297

Change in N deposition 298
In response to the 37% decrease in emissions of nitrogen oxides and 6% decrease in ammonia 299 emissions in our scenario, the average UK deposition projected by the FRAME model fell by 11%. 300
This relatively small decrease is because approximately two-thirds of deposition is in the form of 301 ammonia and other compounds of reduced N. Emissions from these compounds did not decrease as 302 much as those of oxidised N. , which was not supported by the data. All curves were 321 significant. The equations for each habitat are summarised in Table 2 . 322 
Change in value of 'appreciation of biodiversity' ecosystem service 348
The economic value of projected declines in N deposition to 2020 on the ecosystem service 349 'appreciation of biodiversity' are shown in Table 3 annualised benefit to the whole UK is £32.6 m (£4.4 -109.7 m, 95% CI) EAV. Figure 5 shows the 356 spatial pattern in EAV from the four habitats combined. The combined benefit from reductions in N 357 deposition is greatest in Scotland, and the upland areas of NW England and Wales reflecting the 358 greater extent of the semi-natural habitats in these areas ( Table 1 ). The economic benefit per ha 359 (Figure 6 ) differs between habitats and is strongly non-linear, with the greatest economic benefit 360 found at low levels of N deposition, with the exception of bogs which show a linear relationship. 361 362
Damage costs 363
The unit damage costs show the benefit to biodiversity per tonne decrease in emission of the main 364 nitrogen compounds. For emissions of nitrogen oxides the benefit was £102.8 (£33.3 to £237.4, 95% 365 CI) per tonne of NO2 emission saved, and for ammonia the benefit was £413.8 (£139.1 to £1,021. In this study we developed a spatially-explicit methodology to quantify N impacts on biodiversity, 391 and a value transfer function to calculate the marginal value of changes in N deposition. We used 392 this to quantify the economic value of reductions in nitrogen deposition on a cultural ecosystem 393 service "Appreciation of biodiversity" at national scale, and to calculate the damage cost per tonne 394 of nitrogen dioxide or ammonia emitted, for use in policy appraisal. 395
Economic values and damage costs 396
This study uses a spatially explicit approach to calculate N impacts on ecosystem services, which is 397 more robust than previous studies using national figures only (Jones et 
Response functions 445
The non-linear response function in all habitats except bogs shows that the majority of biological 446 impact on plant diversity occurs at relatively low levels of N deposition, but that it continues to have 447 an impact at higher N deposition. This has consequences for valuation in that a unit change in N 448 deposition will have a greater value at low N deposition than at high N deposition, because the 449 ecological impact on species richness is greater. 450
The response functions use species richness as a metric to represent biodiversity in common with 451 many other studies. However, this may mask more complex biological impacts. (Kumar, 2010). Other non-linearity effects due to scope insensitivity in the WTP study may influence 464 our scaling assumptions, in which we used a value per habitat based on its coverage within 465 protected areas and scaled it up to its extent nationally on the assumption that the value would 466 increase linearly with area. In the absence of more detailed information, we assumed a linear 467 response in both cases. Alternative approaches to value nitrogen impacts could include restoration 468 cost (Van Grinsven et al., 2013), the estimated cost of restoring an ecosystem from its degraded 469 state, or a Regulatory revealed preference cost which assumes that all costs of managing protected 470 areas, including to manage impacts of drivers such as nitrogen deposition, were built into the 471 funding model. These techniques also carry major assumptions, for example the restoration cost 472 approach assumes that the cost of replacing an ecosystem or its services is an estimate of the value 473 of the ecosystem or its services (Ott et al., 2006) . 474
From a nitrogen impacts perspective, the calculations assume that biological response to a change in 475 N deposition occurs within a year. In reality, there are lags in the response of plant communities to 476 changes in N deposition due to species persistence effects and continued cycling of stored N in the 477 soil (Rowe et al., 2017) . The complexity and varying timescales of these interactions make it difficult 478 to incorporate them in this sort of economic appraisal currently. 479
The majority of species with clear response functions for N impacts can be classed as non-480 charismatic species. However, there is emerging evidence of impacts on more charismatic species 481 such as butterflies (Wallis de Vries and Van Swaay, 2006) and on birds via impacts on prey items 482 (Nijssen et al., 2001) . WTP values for charismatic species are far greater than for non-charismatic 483 species (Christie and Rayment, 2012; Loomis and White, 1996a, b). However, at present it is not 484 possible to model impacts of air pollution on these species due to a lack of dose response functions. 485
This remains an important evidence gap that requires further research. 486 487
Conclusions 488
In conclusion, we demonstrate the potential for spatially-explicit calculation of pollutant impacts, by 489 combining dose-response functions for nitrogen impacts on plant species with a well-aligned WTP 490 study, and that it is possible to then value pollutant impacts on biodiversity, albeit with large 491 uncertainty bounds. This demonstrates an approach that can be applied with other services and in 492 other contexts, particularly as new relevant WTP studies emerge in the literature. 493
This study provides clear potential for an economic benefit to biodiversity from policies which 494 reduce N deposition. The spatial pattern of the supply of benefit varies considerably and accounting 495 for this spatial variation is essential to correctly quantify those impacts. The response itself is non-496 linear, and the greatest benefit comes from reducing nitrogen pollution in areas which are still 497 relatively un-impacted. 498
From a policy perspective there are two messages. Avoiding damage to habitats which are still 499 relatively un-impacted will have the greatest economic value. However, there is also continued 500 economic benefit to reducing N deposition to habitats which already receive high levels of N 501 deposition. The study also provides an indicative estimate of the potential damage costs due to 502 adverse effects on non-charismatic species, which can be considered in the context of existing health 503 damage costs. Uncertainty for each predicted value of N deposition was distributed lognormally with a standard deviation of 25% of the mean (this approximates 95% confidence limits of ±50%) (Jones et al. 2016 ). We used a log-normal distribution because the standard deviation was large, thereby avoiding negative values which would result from a normal distribution. Based on examination of the data, uncertainty in the model parameters was distributed normally with means standard deviations and correlations listed in Table S3 below.
Percentage area of habitat in 5x5km square Uncertainty in the percentage of each habitat across the UK had a triangular distribution with limits ±5% of the mean.
Maintain/Increase Funding
Based on the information in Christie et al. (2012) . Willingness To Pay values for non-charismatic species were distributed log-normally with standard deviation 65% of the mean. We used a log-normal distribution because the standard deviation was large. The uncertainty in this variable does not account for the uncertainties accumulated when aggregating from the price per 1% change in unit (£/household/year) as this information was not available. 678 679 
